Background: Tat-interactive protein 60 (Tip60) is a member of the MYST family of histone acetyltransferases. Studies using cultured cells have shown that Tip60 has various functions including DNA repair, apoptosis and cell-cycle regulation. We globally ablated the Tip60 gene (Htatip), observing that Tip60-null embryos die at the blastocyst stage (Hu et al. Dev.Dyn.238:2912;. Although adult heterozygous (Tip60 +/2 ) mice reproduce normally without a haploinsufficient phenotype, stress caused by Myc over-expression induced B-cell lymphoma in Tip60 +/2 adults, suggesting that Tip60 is a tumor suppressor (Gorrini et al. Nature 448:1063;. These findings prompted assessment of whether Tip60, alternative splicing of which generates two predominant isoforms termed Tip60a and Tip60b, functions to suppress the cell-cycle in adult cardiomyocytes.
Introduction
Tip60 is a member of the MYST family [1] . MYST is an acronym for the names of the founding family members MOZ, YBF2, SAS2, and Tip60. MYSTs are related by possession of a histone acetyl transferase (HAT) domain, which acetylates both histone [2, 3] and non-histone proteins in a variety of cellular processes [4] . Tip60 is intriguing because it also contains a chromodomain, which is similar to gene repressive domains in proteins such as heterochromatin protein-1. Most functions attributed to Tip60 involve co-activation or co-repression of gene promoters in context-dependent fashion [1] ; for example we previously reported that Tip60 and serum response factor (SRF) co-activate the ANF promoter [5] . However, Tip60 is evidently pleiotropic, based on genome-wide siRNA screens indicating that it is one of six ''hub'' proteins that regulate multiple signal transduction pathways [6] , as well as among six proteins that induce p53-dependent cell-cycle inhibition [7] . That Tip60 is a vital molecule is consistent with our finding that global ablation of the gene encoding Tip60 (Htatip) results in 100% penetrant embryolethality at the blastocyst stage [8] .
Evidence indicates that Tip60 may inhibit the cell-cycle. In addition to its presumed function of inducing p53-dependent cellcycle regulation [7] , Tip60 and p53 have been shown to coactivate the gene encoding p21 [7, 9, 10, 11, 12] , which is a welldocumented inhibitor of Cdk-induced cell-cycle transit. Tip60 also inhibits mesangial cell proliferation [13] . Most relevant to this paper, Tip60 has been shown to function as a tumor suppressor in B-lymphocytes [14] . In this regard, Tip60 also promotes apoptosis, a function noted a decade ago [15] and recently documented [10, 11, 13, 16, 17] ; interestingly, Tip60 may induce apoptosis by acetylating p53, which activates the latter's pro-apoptotic function [10, 16] .
In the developing mouse heart, cardiomyocyte DNA synthesis, karyokinesis and cytokinesis become arrested by the third postnatal week [18] . However, contrary to previous dogma that adult cardiomyocytes cannot proliferate, recent evidence indicates that adult cardiomyocytes may re-enter the cell-cycle and divide [19, 20, 21] . Moreover, although adult cardiomyocyte renewal appears to occur at a very low rate [22] , this notion was recently challenged [23] . It has been speculated that unknown inhibitory factors, operating in multiple pathways, combinatorially function to maintain adult cardiomyocytes in a state of post-replicative senescence [24] . We previously reported that Tip60 is expressed in the developing heart [5, 25] ; however, because subsequent work revealed that Tip60-null mice die at the blastocyst stage and that Tip60-heterozygous mice do not have a haploinsufficient phenotype at adult stages [8] , Tip60's role in embryonic and adult cardiomyocytes could not be assessed. However, In adult Tip60-heterozygous B-lymphocytes, imposition of Myc-induced stress was recently shown to induce lymphomagenesis, revealing a haploinsufficient phenotype accompanied by diminished cell-cycle control [14] . This prompted us to consider whether stress of cardiac hypertrophy, induced by Myc over-expression or aortic banding, could induce a Tip60 haploinsufficient phenotype in adult cardiomyocytes. We report that hypertrophy induced in Tip60 +/2 adult hearts by either stressor causes increased cardiomyocyte cell-cycle activity, which is accompanied by reduced apoptosis in aortic-banded hearts. These findings support the notion that Tip60 functions to maintain cell-cycle inhibition, and promote apoptosis, in the adult myocardium.
Materials and Methods
All experimental procedures are described in detail in File S1. 
Animals and Genotyping

Induction of Cardiac Hypertrophy by Myc Over-expression
Mice containing the aMHC-MycER transgene were bred into the wild type (Tip60 +/+ ) and heterozygous (Tip60 +/2 ) backgrounds. All experiments were performed using 2-3 month-old adult Tip60
+/+ and Tip60 +/2 littermates. The MycER fusion protein, which is specifically and constitutively expressed in cardiomyocytes, remains in the cytoplasm until mice are treated with 4-hydroxytamoxifen (4-OHT; Sigma #H7904; 1.0 mg/ mouse/day i.p. for 7 days), whereupon MycER translocates to the nucleus to induce expression of Myc-dependent genes, resulting in hypertrophy [27] . In one set of experiments mice were also treated with BrdUrd (Sigma #B9285, 1.25 mg/mouse i.p.) during the last two days (days 6-7) of 4-OHT treatment. On the day after completing 4-OHT/BrdUrd treatment, mice were euthanized and hearts were removed for RNA, protein and histological analyses.
Induction of Cardiac Hypertrophy by Aortic Banding
The transverse aorta of 12-14 week-old adult mice was ligated with 7-0 prolene to achieve a luminal diameter of ,0.4 mm. After two weeks, this resulted in a 45% increase in left ventricular mass.
Culture of Cardiomyocytes and Transfection of NIH3T3 Cells
Neonatal cardiomyocytes were enzymatically isolated using the Worthington Neonatal Cardiomyocyte Isolation System, followed by a Percoll purification step and pre-plating to remove fibroblasts. Cultured NIH3T3 cells were transfected (using Lipofectamine 2000) with p3X-CMV-FLAG plasmid vectors encoding Tip60a and Tip60b cDNAs, as described in File S1.
Semi-Quantitative RT-PCR
Performed using a primer pair that anneals to domains in exons 7 and 10 of the Tip60 gene, amplifying a 420 bp PCR product from both Tip60a and Tip60b cDNA.
Western Blotting
Tip60a and Tip60b isoproteins were identified using a custom affinity-pure rabbit polyclonal antibody raised against peptide EGCRLPVLRRNQDNE, which is present in the N-terminus of all Tip60 isoproteins and is absent from all other proteins including the highly related MYST family member MOF. This antibody was characterized as described in File S1 and Figure S1 . The Cyclin D2 antibody was purchased from Santa Cruz Biotech (#sc-593).
Immunohistochemical and TUNEL
Labeling were performed using commercially available antibodies and reagents. Cardiomyocyte identity was determined by immunostaining sarcomeric a-actin (cytoplasm) and Nkx2.5 (nucleus). TUNEL was performed using the DeadEnd TUNEL kit (Promega); cells were scored as TUNEL-positive only if at least 50% of the nucleus was filled with signal. Within each heart, 1,500-5,000 cells were enumerated to calculate percentages of labeled cells, relative to total nuclei.
Statistical significance
Determined using Student's t-Test (two-tailed, unpaired).
Results
Tip60 Isoprotein Transition during Heart Development and Maturation
Tip60 exists as two major isoproteins, Tip60a (60 kD) and Tip60b (53 kD; also known as PLIP, [13] ), which are alternatesplice products of the Htatip gene [28] . Using an antibody against the N-terminus of Tip60 (characterization described in File S1 and Fig. S1 ), western blotting was performed to assess relative isoprotein levels, from the earliest stages of heart development until the adult stage. As shown in Figure 1B , relative levels of Tip60a and Tip60b isoprotein markedly transitioned, from Tip60a enrichment at embryonic stages (Fig. 1B, E9 .5-E19.5) to Tip60b enrichment at postnatal stages. By the 31 st postnatal day, Tip60b was the predominant Tip60 isoprotein in the heart (Fig. 1A) , as well as in other adult tissues in which Tip60a was present at barely detectable levels (Fig. 2) . Figure 2 shows steady-state levels of Tip60 mRNA and protein in various wild-type and Tip60-heterozygous tissues of adult mice. Despite the presence of haploinsufficient levels of Tip60 mRNA ( Fig. 2A) , amounts of Tip60 protein in heterozygous tissues were similar to wild-type levels (Fig. 2B) . This phenomenon, which has also been observed in B lymphocytes [14] and in cerebellum [29] of Tip60-heterozygous mice, suggests that absence of a haploinsufficient Tip60 phenotype is mediated by the ability of Tip60- heterozygous organs to maintain Tip60 protein at near-normal levels. It is noteworthy that among these tissues the adult heart exhibited the highest level of Tip60b protein.
To assess whether the isoprotein transition in Figure 1 reflected (i) a switch occurring in cardiomyocytes per se or (ii) increasing numbers of Tip60b-expressing non-myocytes in the developing heart, cardiomyocyte percentages in the embryonic and adult heart were determined by immunostaining Nkx2.5, a marker expressed in cardiomyocytes but not in other myocardial cells (fibroblasts, smooth muscle cells, endothelial cells). As shown in panels A-C of Figure S2 , the percentage of cardiomyocytes in ventricular myocardium declined from ,70% at embryonic day (ED) 14, to approximately 35% in the 10 week-old adult heart. It was therefore important to discern whether the predominance of Tip60b in the adult heart shown in Figures 1 & 2 reflected increased numbers of non-myocytes, or a cardiomyocyte-specific phenomenon. Hence, cells in two day-old neonatal and ten weekold adult hearts were isolated and separated into cardiomyocyte (CM) and non-myocyte (non-CM) fractions, followed by western blotting to detect Tip60a and Tip60b. As shown in panel D of Figure S2 , the predominant isoproteins in neonatal cardiomyocytes and non-myocytes (most of which are presumably fibroblasts [30] ;) were, respectively, Tip60a and Tip60b. By contrast, in the adult heart, Tip60b was the major isoprotein in both cardiomyocytes and non-myocytes. Therefore, although a significant proportion of increasing Tip60b content during heart development was contributed by non-myocytes, Tip60a and Tip60b are, respectively, the major isoproteins in neonatal and adult cardiomyocytes.
Tip60 May Inhibit Cell Proliferation
As noted above, previous findings have indicated that Tip60 may inhibit the cell-cycle in various cultured cells [7, 9, 10, 11, 12, 13] as well as in vivo B lymphocytes [14] . These findings, plus the Tip60 a to b isoprotein transition ( Fig. 1 ) that occurs as cardiomyocytes withdraw from the cell-cycle [18] , resulting in high Tip60b levels in adult cardiomyocytes ( Fig. 2B & Fig S2E-F) , suggested that Tip60b may inhibit the cardiomyocyte cell-cycle. Although the recently described Tip60 global knockout [8] was designed to assess Tip60 function in the heart, lethality of Tip60-null blastocysts, plus the absence of a robust haploinsufficient phenotype at later stages, prevented our ability to address +/+ and Tip60 +/2 mice were processed for (A) semiquantitative RT/PCR to assess transcript levels (of bulk Tip60 isoforms) in WT and Het tissues and (B) Western blotting to determine Tip60 protein levels. The primer pair used for RT/PCR (A) detected transcripts encoding both Tip60a and Tip60b; GAPDH was assessed as loading control. The bar graph in the lower part of B shows densitometric analysis of protein bands assessed from duplicate animals, normalized to GAPDH and expressed as a percentage of the most abundant band (in WT heart); vertical bars = range. +/+ = WT; +/2 = Het. doi:10.1371/journal.pone.0031569.g002 this question directly. As alternative, two in vitro approaches were employed. First, the effect of over-expressing Tip60a and Tip60b encoded in transfected plasmids was evaluated in proliferating cells. This determination was performed using cultured NIH/3T3 cells rather than neonatal mouse cardiomyocytes, since the latter are very poorly transfected. As shown in Figure 3 , despite the expression of approximately equal levels of plasmid-encoded Tip60a and Tip60b isoprotein (Fig. 3B) , Tip60b, but not Tip60a, inhibited proliferation (Fig. 3A) . As an aside it was also noted that cells transfected with Tip60a exhibited increased levels of endogenous Tip60b, which may have induced the slight, nonsignificant reduction of proliferation observed in Figure 3A (see Discussion). The second approach exploited the recently demonstrated ability of cardiomyocytes to respond to stress of explantation into the cell culture environment by undergoing dedifferentiation and proliferation [31] . Hence, we asked whether the extent of proliferation in cultured Tip60-heterozygous neonatal cardiomyocytes was increased, relative to that in Tip60-wild type cardiomyocytes. In this determination, neonatal myocytes from two day-old Tip60 +/+ and Tip60 +/2 hearts were purified and cultured, followed three days later by immunostaining phosphorylated histone H3 (H3P) and sarcomeric a-actin. As shown in Figure 4 , in comparison with Tip60 +/+ cardiomyocytes, the percentage of M-phase (H3P-positive) cells in Tip60
cardiomyocytes was .25% increased (Fig. 4E) , indicating a Tip60 haploinsufficient phenotype of increased cardiomyocyte proliferation.
Myc Induces Cell-Cycle Transit in Tip60-Haploinsufficient Adult Cardiomyocytes
Taken together, the findings in Figures 1,2,3,4 suggest that Tip60b may inhibit the cardiomyocyte cell-cycle. This prompted assessment of the extent to which stress of cardiac hypertrophy induced by Myc alters the cell-cycle in wild type and Tip60-heterozygous adult cardiomyocytes. For these experiments, transgenic aMHC-MycER mice were bred into Tip60 +/+ and Tip60 +/2 backgrounds. Upon administration of tamoxifen (4-OHT), the MycER fusion protein, which is restricted to cardiomyocyte cytoplasm, translocates to the nucleus where it activates genes promoting cell-cycle induction [26] . As anticipated, Figure 3 . Over-Expression of Tip60b, but not Tip60a, Inhibits Cell Proliferation in NIH/3T3 Cells. Cultured NIH/3T3 cells were transfected with plasmid p3xFLAG-CMV-7.1 (empty vector), or with the same vector containing cDNA encoding either Tip60a or Tip60b. A shows the average cell number in each well of a 12-well plate, five days after transfecting the cells with plasmid. Error bars = 6SEM; p-values were calculated using Student's t-test (two-tailed, unpaired). B shows western blots confirming exogenous expression of Tip60a and Tip60b isoproteins. doi:10.1371/journal.pone.0031569.g003 steady-state levels of MycER mRNA were similar in Tip60 +/+ and Tip60 +/2 adult hearts ( Fig. S3 A,B) , and, administration of 4-OHT induced similar levels of cardiac hypertrophy in these genotypes (Fig. S3C) .
As shown in Figure 5 (A-C), phosphorylated histone H3 (H3P) immunostaining revealed that whereas cell-cycle activity was slightly but not significantly increased in the absence of cMycinduced stress, induction of cMyc with 4-OHT significantly increased cell-cycle activity in WT and especially in Het myocardial cells (Fig. 5C ). This difference was verified by immunostaining BrdUrd, which was provided on the last two days of the seven day treatment period (Fig. 5 D-F) . This haploinsufficient effect occurred despite western blot densitometry indicating that levels of Tip60b protein in Tip60 +/2 hearts were decreased only ,20% (Fig. S4 B,D) . Although non-significant, this was consistent with echocardiographic trends indicating that LV posterior wall thickness and LV mass were increased in Tip60-heterozygous hearts treated with 4-OHT (Fig. S5) . The increase in cycling cells in Tip60 +/2 relative to Tip60 +/+ hearts was accompanied by a slight but significant increase in density of myonuclei in the myocardium (determined by immunostaining Nkx2.5), suggestive of karyokinesis; however, there was no evidence of cytokinesis, based on absence of aurora kinase B staining (not shown).
It was important to assess whether the H3P-positive nuclei in 4-OHT-treated hearts were in cardiomyocytes or in non-myocytes. To address this question, H3P immunostaining was performed in combination with Nkx2.5, which is expressed only in cardiomyocyte nuclei. This revealed that most (70-75%) of the H3P-positive nuclei in 4-OHT-treated hearts were in cardiomyocytes, regardless of phenotype (Fig. 6) . Assessment of TUNEL-positive cells in adjacent sections did not detect an apoptotic effect in either genetic background (not shown).
To correlate the microscopic evidence for cell-cycle activation (Figs. 5,6 ) with an early biochemical marker, western blotting of cyclin D2 was performed, revealing significantly higher levels of cyclin D2 protein in Tip60 +/2 hearts compared with Tip60
hearts (Fig. 7) .
Aortic Banding Induces Cell-Cycle Transit in Tip60-Haploinsufficient Adult Cardiomyocytes
To confirm the findings in Figures 5,6 ,7, non-transgenic Tip60 +/+ and Tip60 +/2 mice were subjected to an alternative stressor, aortic banding, which induces cardiac hypertrophy within two weeks. As shown in Figure 8A , the percentage of Ki-67-immunostained cells, indicative of interphase cell-cycle transit, was increased over two-fold in banded Tip60 +/2 hearts, in comparison with banded Tip60 +/+ littermates. To assess whether cycling myocardial cells in banded hearts could progress into M-phase, adjacent sections were immunostained for H3P. This revealed that numbers of H3P-positive cells in Tip60 +/2 myocardium were 2-3-fold increased in comparison with Tip60 +/+ myocardium (Fig. 8B) ; moreover, co-immunostaining sarcomeric a-actin, as well as presence of cross-striated myofibrils, indicated that H3P-positive nuclei were within cardiomyocytes (Fig. 8B) . Because physicallyinduced hypertrophy is known to increase the incidence of apoptosis in myocardial cells [32] , and because Tip60 is a proapoptotic molecule [10, 15, 16] , we assessed whether apoptosis was diminished in aortic-banded Tip60-heterozygous hearts. TUNELlabeling revealed that apoptotic cells were ,40% reduced in Tip60 +/2 myocardium (Fig. 8C) , while caspase-3 labeling (Fig. 8D ) revealed an eight-fold decline. As in Myc-induced mice, these effects were observed under conditions in which Tip60b protein levels were only slightly reduced (218%) as shown in Fig. S4 A,C) . Figure 1B demonstrates that the relative content of Tip60 isoproteins changes during heart development, from Tip60a enrichment during embryonic stages, to Tip60b enrichment at (Fig. 1A) suggest that Tip60b mRNA is predominant at all stages, this may reflect relative primer pair inefficiency, and/or the possibility that the isoprotein transition is regulated at the level of translation. Because the western blot in Figure 1B is representative of three independent determinations, we believe that this transition represents a bonafide developmental event, significance of which is currently unknown. The only feature distinguishing Tip60a from Tip60b is that the 52 amino acid peptide encoded by exon 5 of the Htatip gene is absent from Tip60b, resultant from an alternative splice [28] . Although functional domains within exon 5 have not been characterized, one noteworthy feature is its inclusion of a hydrophobic domain (LPIPVQITLRFNL) suggestive of a nuclear export signal (NES). It would be interesting to assess whether absence of this motif in Tip60b prevents its ability to translocate from nucleus to cytoplasm, a previously documented behavior of Tip60 [33, 34] . Although this predicts that Tip60b would be confined to the nucleus of adult cardiomyocytes, a possibility with interesting functional implications, unavailability of a suitable antibody for Tip60 immunostaining has precluded immunolocalization.
Discussion
Cardiac fibroblasts, which are the predominant non-myocyte cell type in the adult heart, begin to appear in the mouse heart after embryonic day 12 (ED 12). To estimate fibroblast contribution to the Tip60aRTip60b isoprotein transition, cardiomyocyte percentages in fetal (ED14.5) and adult (10 wk old) mouse myocardium were assessed by immunostaining Nkx2.5, levels of which are intense in nuclei of embryonic/fetal cardiomyocytes and remain appreciable at adult stages. The .2-fold decline in 10 week-old adult hearts (Fig. S2C) , which contain ,35% cardiomyocytes, is consistent with percentages (30-35%) recently observed by subjecting isolated myocardial cells to flow cytometry [30] . Although this suggested that increasing numbers of non-myocytes, predominantly cardiac fibroblasts, may explain the transition to Tip60b predominance in the adult heart, western blotting of isolated myocyte and non-myocyte populations revealed that Tip60a expression, which was present in both cell types during the neonatal stage, was extinguished in both by the adult (8 week-old) stage (Fig. S2D) . Hence, the transition of cardiomyocytes from a proliferating to a non-proliferative population during the neonatal stage is accompanied by a transition from Tip60a predominance to Tip60b near-exclusivity. Curiously, this transition occurs concomitant with the transition from regeneration-competent to regeneration-incompetent myocardium as recently described [35] . While the significance of this transition remains speculative at this point, the possibility that Tip60a, but not Tip60b, is permissive for cell proliferation is consistent with the findings in Figure 3 ; in this regard, whereas the unexpectedly increased levels of Tip60b in cells transfected with Tip60a slightly reduced proliferation, we suggest that more extensive reduction was prevented by the large amount of Tip60a present. Finally it is noteworthy that unlike fetal isoproteins that are re-expressed in adult hearts consequent to cardiac hypertrophy [26, 36] , Tip60a was not re-expressed during hypertrophy induced by either aortic banding or Myc overexpression (Fig. S4) .
Western blotting was used to compare Tip60b protein levels in selected adult tissues, including skeletal muscle, liver, brain, kidney and heart, the latter curiously exhibiting the highest levels of Tip60b protein (Fig. 2B) . It is noted that Tip60b protein levels were only slightly reduced in Tip60-heterozygous heart tissue, despite marked depletion level of Tip60 mRNA (Fig. 2) . This phenomenon has been observed by two other laboratories that utilized these mice [14, 29] ; for example, over-expression of Myc in Tip60-heterozygous B-lymphocytes only slightly reduced Tip60 protein from wild-type levels [14] . Although hearts in both Mycinduced and aortic-banded Tip60-heterozygous mice exhibited reduced levels of Tip60b protein, the extent of reduction was not statistically significant (Fig. S4) . This raises speculation that maintenance of Tip60 protein near normal levels in Tip60-heterozygous tissues is a cellular response designed to maintain vital processes that are mediated by this vital, pleiotropic protein [6, 8] . We considered that maintenance of Tip60 protein levels in Tip60-heterozygous tissues might be due to reduced levels of Mdm2 ubiquitin ligase, which regulates p53 and Tip60 levels via ubiquitin-mediated degradation [37] . However, western blotting indicated that Tip60-heterozygous heart tissue contained normal, wild-type levels of Mdm2 protein (not shown); similarly, levels of Mdm2 mRNA are similar in wild-type and Tip60-heterozygous Blymphocytes [14] . Other possible mechanisms by which Tip60 protein levels are maintained in heterozygous tissues, for example via increased translational efficiency in the heterozygous condition, are being considered.
It was previously shown that cardiac hypertrophy induced by pressure overload, but not by Myc over-expression, is accompanied by cardiomyocyte apoptosis [38, 39] . Therefore, our finding that MycER induction caused neither increased TUNEL labeling nor activated caspase-3 staining (not shown), in contrast to the apoptotic effects induced by aortic-banding (Fig. 8 C, D) , were anticipated. This distinction has been interpreted to reflect the ability of Myc to protect cardiomyocytes from apoptosis [39] . It is noteworthy that the results shown in Figure 8 C,D extend the previously demonstrated pro-apoptotic effect of Tip60 in cultured cells [10, 15, 16] to the in vivo situation.
We recently reported that whereas Tip60-null embryos undergo early embryolethal arrest, heterozygotes do not exhibit an overt haploinsufficient phenotype at any stage [8] . Because Myc induces a Tip60-haploinsufficient phenotype in B-lymphocytes, consistent with Tip60 function as a tumor suppressor [14] , we assessed whether stress of cardiac hypertrophy induced by Myc or aortic banding altered cardiomyocyte cell-cycle control. Conditional over-expression of Myc in cardiomyocytes of the adult heart (Figs. 5,6,7) , or stress induced by cardiac overload (Fig. 8) , induced cell-cycle mobilization that was more extensive in Tip60- heterozygotes than in wild-type littermates. Surprisingly, numbers of H3P-positive cells (Fig. 5C) were increased relative to BrdUrdlabeled cells (Fig. 5F) . We speculate that this may reflect accumulation of H3P-positive cells in M-phase throughout the seven day induction with 4-OHT, whereas BrdUrd-positive cells were labeled during only the last two days of this interval. Because nuclei co-immunostained with H3P and Nkx2.5 (Fig. 6 ) did not exhibit nuclear disintegration, it is suggested that cycling cells accumulated in late G 2 or early M-phase, and/or that they underwent endomitosis [40] . It is also possible that some cells underwent karyokinesis, as suggested by slightly increased numbers of myonuclei observed in Tip60-heterozygous myocardium; however, there was no evidence of cytokinesis, as revealed by absence of aurora-B-kinase staining (not shown). It was also surprising that numbers of BrdUrd-labeled cells in wild-type hearts subjected to Myc-induced stress were essentially nil in comparison with the 9-fold increase seen in Tip60-heterozygous hearts (Fig. 5F ). It is conjectured that this indicates that a finite cohort of cells is released from G 0 arrest during early phases of the stress response (i.e. prior to BrdUrd labeling) under normal (wild type) conditions, whereas Tip60-haploinsufficiency permits continuing release of an expanded cohort in stressed cardiomyocytes, which is detected by BrdUrd labeling during days 6-7. All these possibilities are under further investigation.
Considered in the context of Tip60's previously reported tumor suppressor function [14] , the findings reported here provide evidence that Tip60 may participate in maintenance of cardiomyocyte proliferative senescence, perhaps in concert with proteins including retinoblastoma (Rb) and p130 since ablation of these causes similar effects [41, 42] . Interestingly, some of Tip60's functions are closely related to the tumor suppressor p53; for example, Tip60 and p53 co-activate the gene encoding the cellcycle inhibitor p21 [7, 9] , and, Tip60 acetylates p53 to activate the latter's pro-apoptotic function [10, 16] . Because adult cardiomyocytes contain high levels of Tip60b (Fig. 2) and relatively low levels of p53 [43] , it is speculated that Tip60 may function as a p53 surrogate. The findings reported here add to the list of factors in proto-oncogene (periostin [20] , neuregulin [21] , Myc [38] , cyclin-D2 [44] ) and tumor suppressor (p38 MAP kinase [19] , Rb/p130 [41, 42] ) pathways that can be manipulated to induce cell-cycle activity in adult cardiomyocytes in vivo, followed in some instances by cytokinesis after placement in an in vitro environment [19, 20, 21] . The molecular mechanism by which Tip60 may regulate the cardiomyocyte cell-cycle remains to be elucidated. In this regard, participation of Tip60 in DNA repair via its chromodomain, which binds histone H3 trimethylated on lysine-9 (H3K9me3) to enable HAT domain-mediated acetylation of ATM [45] , is of interest because the chromodomain protein HP-1 was recently shown to bind H3K9me3 during heterochromatin formation as cardiomyocytes become senescent [46] . It will therefore be intriguing to consider that Tip60 promotes heterochromatin formation in adult cardiomyocytes, resulting in repression of cell-cycle genes such as Rb and p130 [46] . In this regard inactivation of Rb and the Ink4a product ARF was recently shown to induce cell-cycle activation in differentiated skeletal myocytes [47] . And, Tip60 has been implicated in the mechanism of cellular senescence [7] , a process regulated by p38 MAPK [48] . However, although involvement of Tip60 in the p38 MAPK pathway suggests that its down-regulation could, similar to the effect of inhibiting p38 MAPK, result in cardiomyocyte cytokinesis [19] , we failed to detect aurora kinase B immunostaining in stressed Tip60 +/2 cardiomyocytes. In summary, evidence has accumulated that Tip60 is a vital molecule, as evidenced by the embryolethal effect of its total ablation at the blastocyst stage [8] , and by the apparent need for heterozygous cells to maintain Tip60 protein at normal wild-type levels (this paper and [14, 29] ); the latter is consistent with our observations that both Tip60 siRNA and shRNA reduce Tip60 mRNA but not protein content in cultured NIH3T3 cells (not shown). Although the findings reported here demonstrate, as in previous instances [14, 29] , that stress induces a haploinsufficient phenotype, this is accompanied by only marginally decreased content of Tip60 protein (Fig. S4) , which likely reflects the modest response seen in some determinations (for example, TUNEL, Fig. 8C) . The mechanism by which Tip60 mRNA-depleted cells maintain Tip60 normal protein levels will be interesting to investigate. Of more immediate interest is the need to knock down Tip60 protein, to levels that permit cell survival while causing an unequivocal cardiomyocyte phenotype, since this will likely be required to elucidate the molecular mechanism of Tip60 function in the myocardium. This goal will hopefully be fulfilled by conditionally and specifically ablating the Tip60 gene in adult cardiomyocytes, using a line of mice containing LoxP-flanked alleles that is in final stages of preparation.
Supporting Information
File S1 This file describes details of the Materials and Methods used for this study. Mice were subjected to trans-aortic constriction (TAC) for two weeks. Panels A-B show Ki-67 (A) and phosphorylated histone H3 (H3P; B), which are significantly increased in Tip60-haploinsufficient myocardium. Panel C (TUNEL) shows a trend toward, and D (caspase-3 staining) demonstrates a significant reduction in, apoptosis in heterozygous myocardium. In C, cells were scored as TUNEL-positive if at least 50% of the nucleus contained signal. The microscopic images were selected as representative of the staining quality used to obtain data in the bar graphs. At least 1,500 DAPIstained nuclei were enumerated in each heart for cell-cycle or apoptotic markers. (N) = number of hearts evaluated; vertical bars = 6SEM; statistical significance was via Student's t-Test (two-tailed, unpaired). Arrows in A-C denote labeled nuclei; arrows in D denote peri-nuclear loci of caspase-3. Left ventricular (LV) wall thickness and internal diameter were assessed during diastole in isoflurane-anesthestized three month-old mice, at baseline and after eight days' treatment with 4-OHT. Echocardiography using the parasternal long axis view was performed with a VisualSonics Vevo 770 high-frequency ultrasound rodent imaging system. LV mass was calculated at diastole using the following formula: 1.053*((LV internal diameter+posterior wall thickness+inraventricular septum thickness) 3 -LV internal diameter 3 ). There were no differences among the experimental groups in measures of cardiac systolic function, including fractional shortening. Each bar indicates the mean value of 6-7 mice. Tip60 +/+ = WT; Tip60 +/2 = Het MycER. (TIF)
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